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Experimental data measured in
√
s = 2.76TeV Pb+Pb collisions at the LHC show a significant
enhancement of events with an unbalanced pair of reconstructed jet momenta in comparison with
p+p collisions. This enhancement of momentum imbalance is supposed to be caused by the dif-
ferent momentum loss of the initial back-to-back di-partons by scatterings within the created dense
medium. For investigating the underlying partonic momentum loss we employ the on-shell trans-
port model Bamps (Boltzmann Approach for Multi-Parton Scattering) for full heavy-ion collisions,
which numerically solves the 3+1D Boltzmann equation based on 2 → 2 as well as inelastic 2 ↔ 3
scattering processes, together with Pythia initial state conditions for the parton showers. Due to
the employed test-particle approach jet reconstruction within Bamps events is not trivial. We intro-
duce a method that nevertheless allows the microscopic simulation of the full evolution of the shower
particles, recoiled medium particles, and the underlying bulk medium in one common microscopic
framework. With this method it is possible to investigate the role of the medium recoil for the
momentum imbalance AJ while using well-established background subtraction algorithms. Due to
the available particle information in configuration as well as momentum space within Bamps, it is
additionally possible to reproduce the entire evolution of the reconstructed jets within the medium.
With this information we investigate the sensitivity of the jet momentum loss from the difference
in the partonic in-medium path lengths.
I. INTRODUCTION
As already proposed in the 1980s by Bjorken [1], high
transverse momentum (pt) partons created in the initial
hard partonic scattering processes of heavy-ion collisions
are an excellent probe for investigating the properties
of the created hot and dense medium. One of the first
evidences for this energy loss of hard probes was the
attenuation of di-hadron correlations in heavy-ion col-
lisions at RHIC [2]. This observation was further sup-
ported by measurements of the suppression of inclusive
hadronic spectra compared to scaled p+p references at
RHIC [3, 4] as well as at LHC [5, 6]. Due to the large colli-
sion energy of the LHC and thereby increased production
cross section of high pt partons, the separation between
these partons as well as their associated shower particles
and the underlying background medium becomes even
more distinct with the result that energy loss studies in
terms of reconstructed jets become feasible.
By studying reconstructed jets within heavy-ion colli-
sions, both the ATLAS [7] and CMS experiments [8, 9] re-
ported the measurement of an enhanced number of events
with an asymmetric pair of back-to-back reconstructed
jets in comparison to vacuum p+p events. An observ-
able that describes this asymmetry in reconstructed jet
momenta is the momentum imbalance
AJ (pt;1, pt;2) =
pt;1 − pt;2
pt;1 + pt;2
, (1)
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where pt;1 (pt;2) is the transverse momentum of the lead-
ing (subleading) jet—the reconstructed jet with the high-
est (second highest) transverse momentum per event.
Several theoretical approaches describe the measured
momentum imbalance AJ : Ref. [10–12] employ analytic
calculations based on perturbative quantumchromody-
namics (pQCD). Also full Monte-Carlo event generators
simulating the jet energy loss within hydrodynamic back-
ground media [13–15] as well as partonic transport mod-
els using a static [16, 17] as well as an expanding partonic
medium [18] are available. Since many of the models de-
pend on hydrodynamics for the underlying bulk medium
evolution, these models struggle with a microscopic de-
scription of the medium and therefore a straight forward
investigation of the effect of recoiled medium particles on
the reconstructed jets. Within these models, the recoiled
medium particle are supposed to be lost into the medium
and therefore are counted as jet momentum loss. How-
ever, this is not a priori justified, since in nature these
recoiled particles will also evolve within the medium and
thereby may be recovered within the jets. This restoring
of jet momenta is neglected within the mentioned models
with the exception of ref. [15], where the effect of recoiled
medium particles is considered by sampling the medium
recoil locally based on thermal distributions.
In the following we present our method for calculating
the momentum imbalance AJ of reconstructed jets in the
framework of the microscopic transport model Bamps
[19], which considers the full 3+1-dimensional expan-
sion of the partonic medium. This is achieved by solv-
ing the relativistic Boltzmann equation based on pQCD
cross sections in an improved Gunion-Bertsch approxi-
2mation while explicitly taking the running coupling on
a microscopic level into account. These pQCD interac-
tions lead to a realistic suppression of hadrons in terms
of the nuclear modification factor RAA and at the same
time a significant amount of elliptic flow v2 during the
partonic phase [20]. Among the benefits of Bamps is the
equal treatment of both the shower and the bulk medium
within the same approach. In contrast to other mod-
els, this allows the investigation of the role of further
in-medium scatterings of the recoiled medium particles
on a microscopical level.
The actual reconstruction of jets out of the parton
showers simulated by Bamps is done by the anti-kt al-
gorithm as implemented in the package Fastjet [21]
through out this paper. For more information about the
reconstruction of jets both in p+p- and heavy-ion events
we refer to ref. [22, 23].
The present paper is organized as follows. After a short
review of the partonic transport model Bamps in Sec. II
we discuss in Sec. III A how to model appropriately ini-
tial conditions while considering the momentum imbal-
ance of reconstructed jets in “vacuum” p+p events in
which no medium creation is expected. In Sec. III we
present the method to calculate the in-medium evolution
of parton shower within Bamps and the strategy when
considering further in-medium scattering processes of re-
coiled medium partons. Finally, we show in Sec. IV our
results on the momentum imbalance AJ and study the
influence of multiple in-medium scattering processes of
the recoil partons. Furthermore, we have a closer look
on the jet momentum loss in comparison to the initial
hard parton and its underlying path length dependence.
II. PARTONIC TRANSPORT MODEL BAMPS
Bamps is a full 3+1D transport model that aims to
handle the collective propagation of medium particles
as well as energy loss phenomena of high pt particles of
heavy-ion collisions within a common framework. To this
end it considers massless on-shell partons, whose evolu-
tion is described by the relativistic Boltzmann equation,
pµ∂µf(x, t) = C22 + C2↔3 + ... , (2)
which is solved numerically based on leading order pQCD
matrix elements utilizing a stochastic collision algorithm
and employing a test-particle ansatz [19]. This test-
particle ansatz consists of a scaling of the number of
particles by a factor Ntest (the number of test-particles
per physical particles), while at the same time the cross
sections and thereby the scattering probabilities within
Bamps are decreased by Ntest. Thus in total the physical
interaction rate per particle or the mean free path, re-
spectively, is conserved but the overall attainable statis-
tics of the scattering processes is significantly enhanced.
Included are both elastic 2 → 2 scattering processes,
like e.g. g g → g g, and inelastic 2 ↔ 3 interactions,
like e.g. g g ↔ g g g, based on the improved Gunion-
Bertsch (GB) approximation [24] which cures problems
of the “original Gunion-Bertsch” matrix element [25] in
the forward and backward rapidity region of the emitted
gluon. Within the GB approximation the improved GB
matrix element for the process X → Y + g factorizes in
the binary matrix element for X → Y and a radiative
factor Pg [24]
∣∣MX→Y+g∣∣2 = ∣∣MX→Y ∣∣2 Pg (3)
with
Pg = 48παs(k
2
⊥) (1− x¯)2
×
[
k⊥
k2⊥
+
q⊥ − k⊥
(q⊥ − k⊥)2 +m2D (αs(k2⊥))
]2
. (4)
The transverse momentum of the emitted and internal
gluons are denoted with k⊥ and q⊥, respectively. The
longitudinal momentum fraction x¯ is related to the rapid-
ity of the emitted gluon via x¯ = k⊥e
|y|/
√
s, where s is the
squared centre of mass energy of the interaction. X → Y
stand for any binary process of light quarks and gluons,
while only (Mandelstam) t channel dominated processes
(equivalent to X = Y ) have a finite contribution within
the GB approximation. The binary matrix elements are
given in the same approximation by
∣∣MX→Y ∣∣2 = CX→Y 64π2α2s(t) s
2
[t−m2D(αs(t))]2
, (5)
where CX→Y is the color factor of the respective pro-
cess. All internal gluon propagators in Eqs. 4 and 5 are
screened with the Debye mass mD, which is dynamically
computed on the basis of the current parton distribution
[19].
For modeling the important quantum Landau-
Pomeranchuk-Migdal (LPM) effect within our semi-
classical transport approach, an effective cutoff function
θ (λ−XLPM τf ) in the inelastic matrix elements is used
where λ is the mean free path of the jet particle and τf the
formation time of the emitted gluon. ForXLPM = 1, this
effectively allows only independent inelastic scatterings,
while XLPM = 0 leads to no LPM suppression at all.
A more sophisticated implementation of the LPM effect,
where also some interference processes occur, should lead
to a parameter in the intermediate region 0 < XLPM < 1.
For now, we treat XLPM as a parameter and fix its value
based on the RAA of neutral pions at RHIC [20]. Any
further divergences resulting from the integration of the
pQCD matrix elements are cured by Debye screening.
In contrast to former Bamps studies, the running of
the coupling αs
(
Q2
)
is explicitly taken into account
within this study by setting the scale Q2 to the momen-
tum transfer of the respective channel [20, 26, 27]. In ad-
dition, the coupling in the definition of the Debye mass is
also evaluated at the respective scale of the propagators.
Besides XLPM , the scaling factor in the LPM theta
function, another parameter of Bamps, which can be
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Figure 1. (Color online) Nuclear modification factor RAA
of gluons, light quarks, and charged hadrons at LHC for a
running coupling, the improved Gunion-Bertsch matrix ele-
ment, and LPM parameter XLPM = 0.3 together with data of
charged hadrons [29]. Figure taken from ref. [20].
varied in reasonable ranges, is the freeze-out energy den-
sity ǫ: Particles that are in regions in which the energy
density is below ǫ do not interact within this time step
but stream freely. Throughout out this paper we choose
a freeze-out energy density of ǫ = 0.6 GeV
fm3
, which cor-
responds via ǫ = 48T
4
pi2 to a freeze-out temperature of
Tc = 175MeV in a medium that is in thermal equilib-
rium and consists of Boltzmann particles [28].
The described interactions based on the improved
Gunion-Bertsch matrix element and the microscopically
evaluated running coupling show a realistic suppression
of single inclusive hadrons not only at RHIC but also at
the LHC as shown in fig. 1. As a side remark, in ref. [20]
we showed that the same pQCD interactions do not only
account for a realistic suppression of high pt probes but
also for a significant elliptic flow v2 during the partonic
stage within the bulk medium regime.
Although the scattering processes of heavy quarks
[26, 27, 30] are already implemented within Bamps,
throughout this work only scatterings of gluons, light
quarks and anti-quarks are considered (Nf = 3). This is
motivated by the rare production of initial heavy quarks
and therefore minor influence of heavy quark jets in the
analysis of the reconstructed jet momentum imbalance.
III. SIMULATION STRATEGY FOR PARTON
SHOWERS
A. Modeling of vacuum parton showers
As it was observed in ref. [7–9], even in p+p colli-
sions, where no medium creation is expected, a momen-
tum asymmetry of the reconstructed jets with the two
highest transverse momenta is found. This momentum
imbalance is on one hand caused by the probabilistic na-
ture of the independent vacuum splitting processes of
the virtual high pt partons, which are produced in the
initial nucleon-nucleon collisions: The evolution in virtu-
ality leads to different out-of-cone splittings of the two
back-to-back partons and therefore to an imbalance in
the reconstructed jets and jet momenta, respectively. On
the other hand, also effects caused by the used jet recon-
struction algorithm and its efficiency in reconstructing
jets have an influence on the momentum imbalance. For
example, by using a smaller cone radius less particles of
the showers are reconstructed within the jets and there-
fore the momentum imbalance is enhanced.
In this work, parton showers are not only evolved
within vacuum but also within a partonic medium.
Therefore a simultaneous treatment of virtual splittings
as well as medium-induced scattering processes is in prin-
ciple necessary. However, because Bamps is an on-shell
transport model, the implementation of virtual splitting
processes is not trivial. For that reason we assume for
now a separation between the initial virtual splittings
within the vacuum and the subsequent in-medium scat-
terings. For modeling the vacuum splitting we employ
partonic events from the event generator Pythia (ver-
sion 6.4.25) [31]. These events are standard Pythia
events based on leading order pQCD cross sections, where
any initial state radiation and primordial kt is switched
off. This allows later a clear comparison between the
reconstructed jets and the initial hard scattered partons.
For providing a sufficient statistics at high transverse mo-
mentum we set the minimum transverse momentum of
the initial hard 2→ 2 process to pˆt > 100GeV. The mo-
menta of the ingoing partons are distributed according to
CTEQ6L [32] parton distribution functions. The vacuum
evolution of the shower partons resulting from the out-
going virtual partons is stopped at the typical hadronic
mass scale Q0 = 1GeV, which is the default value within
Pythia. Any subsequent hadronization within Pythia
is switched off in order to calculate the subsequent in-
medium evolution of the parton shower within Bamps.
Although the underlying evolution within Bamps is
unchanged, the consideration of vacuum branching pro-
cesses is in principle conceptually different from our setup
used in ref. [20] and shown in fig. 1, where we used only
the unshowered hard scattered partons as initial state
for our RAA studies. Neglecting the initial state shower
leads to different slopes both in the partonic spectra and
thereby also the partonic RAA. However, studies show
that the subsequent fragmentation into hadrons effec-
tively moderates any potential differences in the resulting
RAA of charged hadrons.
As an additional remark, by comparing the AJ distri-
bution of full hadronicPythia p+p events with partonic
Pythia events one can show that the jet finding proce-
dure effectively removes any influence of the hadroniza-
tion on the reconstructed leading jet momenta. This is an
intended feature of modern jet finding algorithms mainly
facilitated by collinear and infrared safety. For that rea-
4son we neglect any effects of hadronization on the recon-
structed jets throughout this paper.
B. In-medium evolution of parton showers
In this section we introduce our method for simulat-
ing the in-medium momentum loss of reconstructed jets
within a partonic transport model. One of the advan-
tages of Bamps is that the jet energy loss as well as
the medium bulk evolution of a heavy-ion collision can
be simulated microscopically within one common frame-
work. This is different to e.g. energy loss calculations
that determine the energy loss by a Monte-Carlo proce-
dure embedded into a macroscopically evolving hydrody-
namical background.
The strategy for simulating the energy loss of parton
showers within Bamps can be separated into the two
following parts:
• The parton shower events are created by the in-
troduced Pythia events on the partonic level.
Since these partons are physical particles they have
Ntest = 1. This is important to note for the subse-
quent reconstruction of jets, which can only be done
with physical particles. The shower partons are
embedded within offline recorded Bamps events (s.
next paragraph) at the spatial insertion point of the
corresponding shower-initiating parton pair that is
sampled by a Glauber modeling together with a
Woods-Saxon density profile. After the standard
formation time τf =
cosh(y)
pt
of the initial partons
within Bamps [19], the shower particles are evolved
within the recorded Bamps background events: In
every time step the shower partons are allowed to
scatter with recorded medium particles via 2 → 2
and 2 → 3 processes with the usual stochastic
method employed within the Bamps framework.
Whether further scatterings of the recoiled medium
particles are considered is controlled by two differ-
ent scenarios that are described in the following
sections.
• For creating the underlying background event, we
simulate heavy-ion collisions with impact parame-
ter b within Bamps considering full 3+1D expan-
sion and test-particle number Ntest with no trig-
ger for high pt particles. The initial parton distri-
butions are again obtained from Pythia together
with a Glauber modeling. As it is shown in ref. [20],
these events show a collective medium behavior
quantified in terms of a significant elliptic flow co-
efficient v2. At every time step we keep track of
every scattering process and the phase space in-
formation of every particle. With this informa-
tion it is afterwards possible to “offline reconstruct”
this event and thereby the evolution of the ex-
panding medium. Similar to most energy loss cal-
culations with hydrodynamical backgrounds, the
medium response, which is the modification of the
original evolution of the recorded bulk medium by
the shower-medium interactions, is therefore not
considered throughout this paper. Furthermore,
the scattering method within Bamps employing
stochastical probabilities is only meaningful while
using the introduced test-particle approach. Conse-
quently, scattering processes between shower parti-
cles, which are physical particles and therefore have
Ntest = 1, are forbidden throughout this paper. In
doing so one neglects possible effects of collective
behavior between shower particles like e.g. Mach
cone structures [33].
1. Without recoiled medium partons
For studying the properties of the hot and dense mat-
ter created in heavy-ion collisions one is interested in the
in-medium momentum loss of high pt partons created
in hard scatterings of nucleons. However, these initial
partons decrease their virtuality by vacuum QCD split-
tings as described in sec. III A. Therefore a clear defi-
nition of the initial partons is difficult already in p+p
collisions and can only be achieved at the moment by
reconstructing jets. For calculating the momentum loss
of jets after traversing a medium, one has to consider
additionally the 2 → 2 scatterings of the initial shower
partons with the medium and the gluons emitted via
2 → 3 bremsstrahlung processes. This is the procedure
applied in most of the current theoretical approaches.
Any contribution stemming from recoiled medium par-
tons that subsequently also evolve within the background
medium is supposed to be lost within the medium since
mostly only macroscopic information about the medium
are available, which makes the definition of the medium
recoil difficult. However, it is possible that this neglected
recoil can evolve within in the medium, end up in the
reconstructed jets and therefore restore seemingly lost
momentum to the reconstructed jets.
However, the procedure of not considering the medium
recoil can anyhow only be applied in theoretical ap-
proaches, which track the shower particles at every time
step and allow thereby a discrimination between shower
and medium. In experiments, where this discrimination
certainly is not applicable, this procedure is not longer
justified. While any contribution to the jets originating
from the unscattered background medium is removed by
background subtraction, the possible effect of scattered
medium particles to the reconstructed jets can survive
the subtraction. Consequently, the consideration of re-
coiled medium partons while comparing theoretical cal-
culations and background subtracted data may become
essential.
52. With recoiled medium partons
Since the interactions of shower particles and medium
particles are equally treated within Bamps it is possi-
ble to not only investigate the interactions of the initial
parton shower but also the role of further interactions
of medium particles recoiled in shower-medium interac-
tions. For considering these further in-medium scattering
processes, the recoiled medium particles become shower
partons themselves. Consequently, the scattered medium
particles are allowed to scatter again with other medium
particles and evolve like the initial shower partons.
However, these further scatterings can lead to a dou-
ble counting of scattered medium particles: If the same
medium particle is hit twice by the shower particles it
would end up more than once as a shower parton. This
is an effect caused by a finite number of test-particles:
In the limit of infinite test-particle numbers this effect
would be naturally cured since the probability of a re-
peated scattering with the same particle would vanish.
To avoid this issue, while employing a finite number of
test-particles, we assure that scattered medium particles
become only shower partons when they scatter for the
first time with a shower particle. Nevertheless, the ac-
tual scattering process takes place anyhow and changes
the momenta of the outgoing shower parton. This en-
sures that every scattered medium particle has only one
trajectory within the medium and at the same time the
effect of the medium on the momenta of the shower par-
tons is preserved.
When studying the effect of further interactions of the
recoiled medium partons on the reconstructed jets, these
medium partons can end up in the reconstructed jets
and therefore transport medium momentum to the jets.
Therefore it is essential to consider an appropriate sub-
traction of the background momentum from the jets be-
fore comparing with experimental data. The experimen-
tal subtraction algorithms consist mostly of an estimation
of the average background momentum density within the
size of a jet cone that is finally subtracted from the re-
constructed jet momenta. However, when reconstructing
jets based on only the parton shower together with the
recoiled medium particles these jets possess only a part
of the background momentum. The missing, even larger
part of medium momentum that should end up within
the reconstructed jets comes from medium particles that
did not scatter with the shower. Therefore, due to our
chosen separation of shower and background event, we
first have to appropriately combine the shower and the
not scattered medium particles of our simulation to form
full “shower+medium” events before employing experi-
mental subtraction procedures. After the combination
we are able to estimate correctly the underlying back-
ground momentum.
However, within Bamps the test-particle scaling of
particle numbers complicates the situation: Jet recon-
struction is obviously only reasonable if it is done event-
by-event based on physical particles. This requirement is
not fulfilled for the medium particles that were not scat-
tered by the shower particles. Due to the employed test-
particle ansatz, the medium particles are test-particles
(Ntest;medium 6= 1) while the shower particles are physical
particles (Ntest = 1). Thus, after simulating the shower
and before combining the two regimes we first have to
rescale both test-particle numbers to the same value. Af-
ter this rescaling, only physical medium particles are left
within the background event, which enables us to com-
bine those with the shower partons to form full Ntest = 1
“shower+medium” events. For more details about the
scaling of test-particles and thereby generating appropri-
ate background events see appendix A, where also the
validity of this scaling is shown.
Neglecting any hadronization effects, the so obtained
events are similar to experimentally measured events.
To subtract finally the background contamination from
reconstructed jets based on parton showers includ-
ing recoiled medium partons, we employ the “CMS
noise/pedestal subtraction method” [34]. This algorithm
is an iterative procedure that first estimates the back-
ground transverse momentum, then reconstructs jets, ex-
cludes the reconstructed jets from the background esti-
mation and again estimates the background. After some
iterations the so obtained average background transverse
momentum is subtracted from the finally reconstructed
jets. For more information about this subtraction algo-
rithm we refer to ref. [34].
C. Consideration of detector effects
Naive comparisons of the AJ distribution of hadronic
Pythia events with the
√
s = 2.76TeV p+p AJ dis-
tribution measured by CMS [8] show that Pythia can-
not describe the measured data out of the box. This is
caused by the effect that the detectors themselves have
only a finite resolution that leads to fluctuations in the
reconstructed jets and by that to an enhancement of mo-
mentum imbalance absent in the simulations.
As a first step for modeling the detector effects we re-
construct jets within this paper at “calorimeter level”
and not at “particle level”. This is done by employing
a “calorimeter”, which is modeled by a grid in rapidity
y and azimuthal angle φ, in which the final particles of
each simulation are sorted depending on their y and φ.
The size of the grid cells is based on the cell size of the
CMS calorimeters. Moreover, we employ no trigger con-
dition for the individual particle transverse momentum
like it should be done in principle when comparing with
CMS data because of their strong magnetic field prohibit-
ing particles with pt <∼ 1GeV to reach the calorimeters.
However, due to the missing hadronization a comparison
between hadronic momentum cuts of CMS and partonic
momentum cuts necessary within BAMPS are difficult.
Moreover, motivated by theoretical calculations [10]
and the detector response analysis by CMS [35], we use
the following strategy for mimicking additional detector
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Figure 2. (Color online) AJ distribution for Pythia events
with different smearing parameters in comparison with
√
s =
2.76TeV p+p data [9]. All experimental trigger conditions
as defined in ref. [9] and mentioned in Sec. IV are applied.
effects: We apply an independent smearing procedure on
the leading and subleading jet momenta pt;1 and pt;2,
which is based on a Gaussian function N
(
pt;i , c
√
pt;i
)
with width σ = c
√
pt;i and fit parameter c. This smear-
ing procedure alters the two jet momenta independently,
which leads to an additional amount of momentum asym-
metry within one event. For smooth AJ distributions
before smearing, the statistics of the simulations is en-
hanced by repeating the stochastic smearing Nsmeared =
1000 times for each event.
The value of the smearing parameter c is determined
by fitting the AJ distribution of Pythia simulations on
the partonic level to the
√
s = 2.76TeV CMS p+p data
[9] as shown in fig. 2. The agreement between the two
distributions is best for a smearing factor c = 2.3. The
Gaussian smearing with the so determined smearing fac-
tor c is used in the following study as an effective de-
tector filter for the Pb+Pb results shown in Sec. IV.
As a remark, although the CMS collaboration provides
a parametrization for the jet energy resolution [36], this
is not applicable here since we are dealing with Pythia
events without considering any hadronization and reso-
nance decay effects.
IV. SIMULATION RESULTS
After introducing our simulation strategy for par-
ton showers within Bamps in the previous sections, we
present our results for the momentum loss of recon-
structed jets in terms of the momentum imbalance AJ .
For this study we use full 3+1D, expanding Bamps
heavy-ion simulations of
√
s = 2.76ATeV Pb+Pb colli-
sions with impact parameter bmean = 3.4 fm that corre-
sponds to an experimental centrality class of 0%-10% as
determined in Monte Carlo Glauber calculations [8]. The
embedded parton showers are initialized by Pythia ini-
tial conditions and afterwards evolved within the medium
as described in Sec. III. Possible detector effects are con-
sidered by the methods described in Sec. III C. For the
comparison with experimental data we employ for all re-
sults in this section the trigger conditions defined by CMS
for their AJ studies. We use the anti-kt algorithm with
a distance parameter R = 0.3 as provided by the Fast-
Jet package [21]. For fulfilling the trigger conditions by
CMS [9], the events used in the following have a leading
jet with pt;leading > 120GeV and a subleading jet with
pt;subleading > 30GeV. Both jets have to be close to mid-
rapidity (|yTrigger;Jets| < 2.0) and the difference between
their azimuthal angle is limited to ∆φTrigger;Jets > 2π/3.
A. Momentum asymmetry of reconstructed jets
within BAMPS
Fig. 3 shows the momentum imbalance AJ as calcu-
lated within Bamps while neglecting any effect caused by
recoiled medium partons. For better understanding the
in-medium momentum loss, the initial momentum im-
balance distribution before evolving within Bamps and
as obtained by Pythia is also shown. The dashed lines
depict the respective AJ distributions before smearing
the jet momenta for modeling detector effects, while the
solid lines show the distributions after smearing. Due
to the independent smearing of the leading jet and the
subleading jet, the smearing procedure enhances the mo-
mentum imbalance significantly both in vacuum and in
heavy ion collisions. As shown in fig. 1 in sec. II the sup-
pression of single inclusive hadrons in terms of the nuclear
modification factor RAA at LHC is described by Bamps
calculations when using a combination of the improved
GB matrix element, the running coupling evaluated on
a microscopic level, and an effective LPM implementa-
tion with parameter XLPM = 0.3, which was chosen in
a comparison to RHIC RAA data [20]. While employ-
ing the same setup also for the studies concerning the
momentum imbalance AJ of reconstructed jets, Bamps
calculations show an excellent agreement with data.
In order to investigate the role of recoiled medium par-
tons for the momentum imbalance of reconstructed jets,
we show in fig. 4 AJ distributions for simulations in which
the further evolution of recoiled medium partons is now
explicitly considered. As a measure for differentially in-
vestigating the effect of the further in-medium evolution
of the recoiled medium particles we terminate the evolu-
tion of the shower and recoiled medium partons when
their transverse momentum reaches a minimum value
pt;cut. Partons with less transverse momentum stream
freely without any scattering process until the simula-
tion ends. This cut in the parton evolution additionally
minimizes the numerical effort necessary for calculating
the evolution of many very low pt particles that are sup-
posed to be subtracted in the experimental analyses any-
how since they are part of the background.
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Figure 3. (Color online)AJ distribution of Bamps events with
bmean = 3.4 fm based on Pythia initial conditions together
with the initial Pythia distribution in comparison with
√
s =
2.76TeV p+p and
√
s = 2.76ATeV 0-10% Pb+Pb data
measured by CMS [9]. With dashed lines the respective AJ
distributions before considering detector effects by a Gaussian
smearing are shown.
As shown in fig. 4a, where no background subtraction
is applied, the influence of recoiled medium partons is
minor if their evolution is stopped at a higher trans-
verse momentum cuts pt;cut > 2GeV. However, when
the partons are allowed to evolve to lower pt, the AJ
distribution are more and more shifted to lower momen-
tum imbalances. This effect stems from low momentum,
recoiled medium partons that even after further evolv-
ing within the medium stay within the jet cones and do
not contribute to a momentum loss out of the cones as
it is observed in the simulation without recoiled medium
particles. In other words: If the parton shower loses mo-
mentum by shower-medium interactions, a part of the
momentum stays in the reconstructed jets as recoiled
medium partons, contaminates the jets with background
momenta, and thereby decreases the resulting observed
jet momentum loss. Therefore, in order to estimate the
genuine contribution of the recoiled medium to the jets,
a background subtraction as described in sec. III B 2 and
used in experimental analyses becomes essential. As
shown in fig. 4b, this subtraction effectively moderates
the effect of recoiled low pt medium partons on the mo-
mentum imbalance AJ and thereby leads to coinciding
AJ distributions for the different pt;cut values. Further-
more, the momentum imbalance of parton showers with
recoil and background subtraction agrees with the result
for parton showers without recoil and background sub-
traction. This finding supports on one hand the applica-
bility of experimental background subtraction methods
by fully microscopic simulations. On the other hand it
also justifies the procedure already applied in other the-
oretical models that neglect the contribution of further
in-medium scatterings of the recoiled medium particles
(see fig. 3). Since neglecting the recoiled medium parti-
cles simplifies the simulations tremendously we present
therefore in the following only results without recoiled
medium partons and without subsequently subtracting
the background.
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Figure 4. (Color online) AJ distribution of Bamps events
with bmean = 3.4 fm based on Pythia initial conditions in
comparison with
√
s = 2.76TeV p+p and
√
s = 2.76ATeV
0-10% Pb+Pb data measured by CMS [9]. Shown are dis-
tributions of AJ for reconstructed jets while considering also
the fully evolved recoiled medium particles without consider-
ing any background subtraction (fig. 4a) and with considering
background subtraction (fig. 4b) for different transverse mo-
mentum cuts pt;cut in the shower evolution.
B. Relation between initial partons and
reconstructed jets
Simulations within transport models benefit from the
advantage of providing the full microscopic phase space
information of every particle underlying the jet recon-
struction. Such studies lead to a further understand-
ing of the mechanisms causing the momentum loss. For
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Figure 5. (Color online) Average momentum loss of recon-
structed jets compared to their initial shower-initiating par-
tons ∆pt = pt;jet−pt;init. parton in relation to the initial parton
transverse momentum. Dashed lines show the momentum loss
already present due to vacuum splittings by Pythia, while
the solid lines show the momentum loss after evolution within
Pythia and Bamps. For the underlying events all experimen-
tal trigger conditions as described in Sec. IV are applied.
that reason we investigate the momentum loss of re-
constructed jets by comparing the final jet transverse
momenta after traversing the medium with the trans-
verse momenta of the initial hard scattered partons from
Pythia. To this end, we define the momentum loss
∆pt = pt;jet − pt;init. parton depending on the initial par-
ton transverse momentum for the leading and subleading
jets, respectively. As a note, since we are interested in the
genuine momentum loss of the jets, we investigate within
this section events in which the respective smeared jets
fulfill the experimental trigger conditions by CMS but
show the respective momentum loss based on these jets
before smearing.
Fig. 5 shows the average momentum loss 〈∆pt〉 as a
function of the initial parton pt;init. parton. While the
dashed lines depict the momentum loss within Pythia
due to the initial vacuum splittings, the solid lines show
the overall momentum loss due to both the initial split-
tings and the subsequent in-medium evolution. The rel-
ative momentum loss of both the leading and subleading
jet is approximately constant over the whole considered
pt-range: While the subleading jet loses on average ap-
prox. 40% of its momentum, the leading jet loses ap-
prox. 20% of its momentum with respect to its initial
shower-initiating parton. Thereby both jets lose on aver-
age already 10% (leading jet) and 20% (subleading jet)
of its initial parton momentum due to vacuum splittings.
Furthermore, the momentum loss of reconstructed jets
with respect to their initial partons is studied in bins of
the momentum asymmetry AJ as shown in fig. 6. Again
the solid lines show the momentum loss after the in-
medium evolution and initial vacuum splittings, while
the dashed lines depict the momentum loss due to only
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Figure 6. (Color online) Average momentum loss of recon-
structed jets compared to the initial shower-initiating parton
∆pt = pt;jet−pt;init. parton in relation to the momentum asym-
metry AJ of this respective event. Again, dashed lines show
the momentum loss already present due to vacuum splittings
by Pythia, while the solid lines show the momentum loss
after evolution within Pythia and Bamps. For the underly-
ing events all experimental trigger conditions as described in
Sec. IV are applied.
Pythia. The momentum loss of the subleading jet is
for only vacuum splittings as well as after traversing the
medium a decreasing, almost linear function of AJ . In
contrast, the momentum losses of the leading jet after the
vacuum and after traversing additionally the medium is
almost independent from the underlying momentum im-
balance. This means that the observed momentum im-
balance within Bamps is mainly caused by the momen-
tum loss of the subleading jet. However, the relative
momentum loss of both jets by the in-medium evolu-
tion is approximately the same over the whole AJ range:
While at small momentum imbalances both the leading
and subleading jet momentum loss drops from approx.
10% to approx. 20% after traversing the medium, at
higher imbalance values AJ ≈ 0.6 the relative drop of
both jets remains unaltered at approx. 10% but the
overall momentum loss of the subleading jet is with 70%
much higher.
Besides the momentum information of the initial par-
ticles, also their spatial positions are available in Bamps
simulations through the whole evolution. For this reason
it is possible to investigate microscopically the under-
lying differences in path length dependence responsible
for the respective momentum imbalance. Together with
the creation vertices of the initial partons and their ini-
tial direction in the transverse plane, one can geometri-
cally define a distance between the creation point of the
parton pair and the point where the partons leave the
initial, almond-shaped collision zone. For more details
about this definition of the transverse in-medium path
length cf. Appendix B. By comparing the two distances
Ll/s, where Ll (Ls) is the longer (shorter) transverse in-
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Figure 7. (Color online) Momentum imbalance AJ in bins of
the length imbalance Li (Eq. 6). For the underlying events
all experimental trigger conditions as described in Sec. IV are
applied.
medium path length of the two partons, one can define
analogously to the momentum imbalance AJ , the trans-
verse length imbalance
Li =
Ll − Ls
Ll + Ls
. (6)
Lower Li values correspond to events in which the two
initial partons have to traverse a similar transverse dis-
tance within the medium, while events with higher Li
are events in which one of the partons traverses more
medium than the other in the transverse direction.
Fig. 7 shows the momentum imbalance for different
length imbalance ranges based on calculations without
considering the medium recoil and background subtrac-
tion. As a note, again the genuine distributions before
smearing are shown based on events in which the smeared
jets pass the trigger conditions. The different AJ distri-
butions show almost no dependence on the underlying
path-length difference! Therefore the tomographic ca-
pability of AJ seems to be limited. A similar observa-
tion has also been done in ref. [14]. Much more relevant
for the resulting momentum imbalance is the momentum
imbalance of the respective event that is present before
evolving within the medium. This can be seen in fig. 8,
where again different AJ distributions are shown but this
time binned in the event-by-event momentum imbalance
AJ;PYTHIA already present in the vacuum before evolv-
ing in the Bamps medium. In contrast to the binning
in Li these distributions show a clear dependence of the
“heavy-ion AJ” from the “vacuum AJ;PYTHIA”.
The non-sensitivity of the resulting momentum imbal-
ance on the underlying path length difference can be un-
derstood by two different, generic and model independent
considerations. On one hand it can happen that the ini-
tial leading and subleading jet switch roles while travers-
ing the medium: the jet that was the leading jet before
the medium evolution becomes the subleading jet after
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Figure 8. (Color online) Momentum imbalance AJ in bins
of the momentum imbalance AJ;Pythia already present before
the in-medium evolution. For the underlying events all exper-
imental trigger conditions as described in Sec. IV are applied.
traversing it and vice-versa. This makes the resulting mo-
mentum imbalance rather insensitive to the underlying
path length dependence. As an example, let us assume
that the initial leading jet has pit;leading = 130GeV and
loses 60GeV while traveling a large distance within the
medium with the result that it ends up as the subleading
jet with pft;subleading = 70GeV. The initial subleading
jet starts with a momentum of pit;subleading = 100GeV
(it has lost ≥ 30GeV by vacuum splittings), travels a
very small distance within the medium and loses thereby
no momentum and therefore becomes the final leading
jet pit;leading = 100GeV. But this means that the differ-
ence between the initial AiJ = 0.13 and final A
f
J = 0.17
momentum imbalances almost vanishes while the differ-
ence in the in-medium path lengths is significant. On
the other hand, even if the jets do not switch roles the
momentum imbalance loses its tomographic capability
when an initial momentum asymmetry is present as it
was also observed in ref. [37], where heavy quark cor-
relations were studied. Assuming an initial momentum
asymmetry between the initial leading and subleading jet
momenta, the momentum imbalance decreases when the
leading jet loses momentum. However, when the sub-
leading jet loses momentum, the momentum imbalance
increases. Both effects counteract each other with the
result that the momentum imbalance seems to be inde-
pendent from the underlying difference in the in-medium
momentum losses but are much more related to the ini-
tial, vacuum momentum imbalance.
V. SUMMARY
Within this paper we presented results on recon-
structed jets within the partonic transport modelBamps.
Heavy-ion simulations by Bamps benefit from the pos-
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sibility to calculate the full evolution of both the high
pt particles and the softer bulk medium particles in one
common approach while employing the same microscopic
interactions. This allows not only the investigation of the
actual parton shower traversing the heavy-ion medium
but also the evolution of the recoiled medium particles
within the same approach.
While employing an improved version of the Gunion-
Bertsch matrix element, a microscopically evaluated run-
ning coupling and an effective LPM implementation, we
show that the momentum loss of high pt parton showers
in terms of the momentum imbalance AJ is in agreement
with data when not considering recoiled medium partons.
This supports former studies, in which the nuclear mod-
ification factor RAA was investigated within the same
setup and agreed well with experimental observations.
Furthermore, we then investigated in detail the in-
fluence of the further in-medium evolution of recoiled
medium partons on the momentum imbalance AJ . We
found that the influence of the recoiled medium is limited
to momentum regions pt < 2GeV and only if no addi-
tional background subtraction is applied. This means
that the background subtraction effectively eliminates
the influence of recoiled medium partons on the momen-
tum imbalance what in addition implies that it is suffi-
cient to study the momentum imbalance AJ by only con-
sidering the momentum loss of the initial parton shower
and subsequent bremsstrahlung gluons. Furthermore,
this agreement additionally supports the applicability of
background subtraction methods as used by experiments
from a theoretical point of view.
Besides the momentum imbalance AJ we studied the
relation between the reconstructed jets and their initial
shower-initiating partons while employing all experimen-
tal trigger conditions. Independent from the initial par-
ton momentum, the reconstructed subleading jet loses
≈ 40% of momentum with respect to its initial parton
momentum due to initial vacuum splittings and the sub-
sequent in-medium evolution. Investigations of the mo-
mentum loss causing the momentum imbalance showed
that the leading and subleading jet loses an equal amount
of momentum within the medium, while the momentum
imbalance is nearly exclusively caused by the sublead-
ing momentum loss. Also the sensitivity of the momen-
tum imbalance AJ on the underlying difference in the
in-medium path length seems to be limited. On the con-
trary, the final momentum imbalance after traversing the
medium is dominated by the initial momentum imbal-
ance after the vacuum evolution.
We plan for the future, to study within our approach
also other jet-related observables like e.g. the suppression
of reconstructed jet spectra. In addition, we will revisit
our current implementation of the LPM effect and study
the potential applicability of its stochastic implementa-
tion [38, 39].
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Appendix A: Discussion of test-particle corrected
background events
1. Sampling of test-particle corrected background
events
As described in Sec. III, due to the employed test-
particle ansatz one has to rescale appropriately Bamps
background events (Ntest 6= 1) before combining them
with shower events (Ntest = 1). Therefore it is nec-
essary to determine which medium particle is physical
and which is a test-particle. This discrimination is only
achievable by stochastical methods: Whether a particle
is physical or a test-particle is decided by Monte-Carlo
sampling.
Before going to the actual scenario of events with
shower and medium interactions, we first discuss the sam-
pling probabilities of a simpler scenario of Bamps events
without any additional shower partons. These events
only consist of medium particles with test-particle num-
ber Ntest 6= 1 and a combination of shower and medium
part, which complicates the sampling procedure, is not
needed. Within this simple scenario, the probability for
a medium particle to be physical is equally distributed
among the medium particles. Therefore, this stochastical
probability obviously reads
Pref =
Nphysical
N
=
1
Ntest
, (A1)
where Nphysical is the number of physical particles, N the
total number of particles and Ntest as before the number
of test-particles per physical particles in this event. We
will denote this simple sampling case in the following as
the “reference sampling method”.
In contrast, when considering events in which the
medium particles are scattered by shower partons, the
described reference sampling scenario and its probabil-
ities cannot be applied anymore: Some of the medium
particles have interacted with the shower during the sim-
ulation and became therefore “shower partons” them-
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selves. If one simply uses the reference sampling proba-
bilities, some scattered medium particles could be sam-
pled successfully as physical medium particles and would
end up therefore as a sampled medium particle as well as
a shower particle in the same “shower+medium” event.
To avoid this possible double counting, only medium
particles that were not scattered by any shower parton
are considered in the sampling process and may become
physical medium particles.
However, the exclusion of scattered medium particles
from the sampling procedure leads to an overestimation
in the sampling probabilities of the unscattered parti-
cles: Because there are already Nscatt scattered, phys-
ical medium particles, which were “chosen” during the
shower simulation, only Nphysical − Nscatt particles are
still allowed to become physical. Thus this exclusion
has to change the sampling probabilities and becomes
especially important in regions in which many scattered
medium particles are present. To avoid the overestima-
tion of medium particles, the sampling probabilities in
events with added shower partons have to be modified
depending on the number of scattered—and thereby al-
ready physical—medium particles nearby in phase space.
To account for this local dependence, the probabilities
are calculated based on equally sized cells in rapidity y
and azimuthal angle φ. This choice of cells is motivated
by thinking of the experimental jet reconstruction based
on calorimeter cells. The probability for an unscattered
medium particle to be physical within such a cell then
reads
Plocal =
Nphysical;cell −Nscatt;cell
Ncell −Nscatt;cell =
Ncell/Ntest −Nscatt;cell
Ncell −Nscatt;cell ,
(A2)
whereNphysical;cell = Ncell/Ntest is the number of physical
particles, Ncell the total number of medium particles—
including scattered and unscattered—and Nscatt;cell the
number of scattered medium particles within the respec-
tive cell. We will denote this sampling method in the
following as the “local sampling method”. The size of the
used cells is a crucial ingredient for the sampling proce-
dure: As already visible in Eq. A2 a too small cell size
could lead to divergent or negative probabilities, while a
too coarse cell size cannot correctly resolve the shower
region in the y-φ space.
After sampling for every unscattered medium parti-
cle whether it is physical or not, we end up with a
pure Ntest = 1 background event without any scattered
medium particle. For obtaining the final events we add
these sampled medium particles to our previously simu-
lated physical partons, which consist of both the initial
shower partons and the recoiled medium partons. In this
way we attain finally an event with only physical particles
left. Based on these events we are now able to calculate
the average transverse momentum density and thereby
employ experimental subtraction methods.
2. Comparing different sampling methods
To check our proposed rescaling techniques we want
to compare in this appendix section events based on the
local sampling method with events sampled by the refer-
ence sampling. The rescaling of events to Ntest = 1 will
introduce uncertainties into the analysis of reconstructed
jets. Before studying the subtracted jets it is crucial to
estimate these additional uncertainties of the rescaling
algorithms.
For investigating these uncertainties we study the
summed transverse momentum within cones in y−φ that
consist of only Ntest = 1 medium particles. To create
such test events we use offline recorded Bamps events
that were traversed by a parton shower (cf. Sec. III).
Afterwards we sample for each unscattered medium par-
ticle whether it is physical or not by the local sampling
method. Instead of adding the sampled physical medium
particles to the shower partons to obtain a Ntest = 1
event, we subsequently combine in this section the sam-
pled medium particles with the scattered medium parti-
cles before their respective interaction with the shower.
Thus we should end up with events with only Ntest = 1
medium particles while no original shower partons are
present.
The so obtained events can be compared to the pure
background events in which no shower was present and
therefore the reference sampling method is applicable.
As already pointed out in the previous section, the ref-
erence sampling is the correct method for scaling down
the number of test-particles in events without any addi-
tional shower. Thus if we compare the locally sampled
pure medium event to the sampled medium events with
the reference method we get an estimate of the effects
of the sampling procedure on the amount of transverse
background momentum.
Because our main goal is to create an appropriate jet
background we investigate the uncertainties in terms of
background jet momenta. Since this sampling study
should be understood as rather qualitative, it is as-
sumed to be sufficient to calculate the transverse momen-
tum within fixed jet cones instead of fully reconstructing
jets. Therefore we neglect additional effects to the back-
ground momenta introduced by the full reconstruction al-
gorithms. The energies and momenta of the jet cones are
evaluated by summing up all four-momenta of sampled
medium particles, which are located inside a cone with
radius ∆R =
√
∆φ2 +∆y2 in the y − φ plane around
a fixed axis. This choice of simple fixed cone “jet defi-
nition” is motivated by the first-generation jet cone al-
gorithms, which were based on the idea of a conserved
direction of energy flow.
Since we are interested in the different effects of the
sampling procedures on the background cone momenta
for the shower and the non-shower region, we investigate
two different jet cone axes: an axis directed in the initial
hard parton direction denoted as the “in-shower direc-
tion” and an axis with same azimuthal direction but dif-
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Figure 9. (Color online) Distribution of the background mo-
mentum pt;cone within a cone of ∆R = 0.3 for the reference
and the local sampling method. Shown are the distributions
for the out-of-shower direction (fig. 9a) and the in-shower di-
rection (fig. 9b).
ferent rapidity (y = 3.5) denoted as the “out-of-shower
direction”. This different rapidity ensures the investi-
gation of a region not traversed by the parton shower.
Intuitively, in the direction where the initial parton has
flown the density of scattered medium particles should
be higher than in the out-of-shower direction. Therefore
we expect differences in the cone momenta between the
two regions if the proposed sampling algorithms are not
sufficiently effective.
Fig. 9 shows the distribution of summed background
transverse momentum within a cone with ∆R = 0.3
placed in either the out-of-shower (fig. 9a) or in-shower
direction (fig. 9b). For the offline recorded, underlying
background event we use
√
s = 2.76TeV Pb+Pb heavy-
ion collisions simulated with Bamps with Ntest = 15
and impact parameter b = 3.4 fm, which corresponds to
0%-10%-centrality at LHC. The reference sampling case
shows a Gaussian distribution for the background cone
momenta with mean pt;background ≈ 75GeV and width
σ ≈ 25GeV in both cone-axis directions. This indepen-
dence from the cone axis is, of course, expected because
in this reference case no traversing shower is present and
thus there is no different in- and out-of-shower direction.
As seen in fig. 9 both sampling methods, the “local
sampling” method and the “reference sampling” method,
show the same background cone momenta distributions
for both the in-shower and out-of-shower region. Due
to our introduced modification of the sampling proba-
bilities within the “local sampling” method, any possible
overweighting of sampling probabilities while considering
scattered medium particles is cured. Furthermore, inde-
pendently from the employed sampling method, back-
ground events within Bamps have a pt;background ≈
75GeV within a fixed cone of R = 0.3. Although this
sampling analysis should be understood as rather quali-
tative because of the used jet definition we are now able to
conclude that the introduced uncertainties in the trans-
verse momentum of cones with size ∆R = 0.3 when sam-
pling the corrected background are modest for the in- as
well as the out-of-shower region. Under the assumption
that the effects following from a proper jet reconstruc-
tion with, for example, the anti-kt-algorithm should be
also modest, our qualitative statement for the sampling
of particles will hold.
Appendix B: Definition of in-medium path lengths
For studying the dependence of the momentum imbal-
ance AJ on the difference of the in-medium path lengths
of the initial partons we defined in Sec. IV the transverse
length imbalance parameter Li. To this end, a clear defi-
nition of the transverse in-medium path lengths is essen-
tial. Because Bamps provides full phase space informa-
tion including the spatial coordinates of every particle,
one could in principle track the correct in-medium path
length of each single parton. However, the definition of a
path length of an object consisting of multiple particles,
like e.g. a reconstructed jet, is difficult. Since the length
imbalance Li measures only the relative difference be-
tween the path lengths, it is though possible to define the
distances traveled by the partons not in terms of the ac-
tual in-medium path lengths but as the distance from the
creation point of the initial parton pair to the edge of the
collision zone Ll/s, in direction of the initial transverse
parton momentum. Neglecting any transverse expansion,
the difference between those distances estimates qualita-
tively the subsequent difference of the in-medium path
lengths. Because we are interested in jets traversing the
medium at close to mid-rapidity (|y| < 2), we neglect, as
a first estimate, any longitudinal path length dependence
and focus on the trajectories in the transversal plane.
For estimating the transverse spatial extension of the
initial medium, we use an almond shape resulting from
the collision of the two approximately circular nuclei
approaching at impact parameter b. This picture is
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Figure 10. Sketch of the initial parton pair traversing the
almond-shaped initial collision zone.
schematically sketched in fig. 10. The radii of these nuclei
is estimated by the radius of the employed Woods-Saxon
density profile and is parametrized by
RA = 1.12A
1/3 − 0.86A−1/3 , (B1)
which is e.g. RA ≈ 6.49 fm for 208Pb. With that radius
and the impact parameter, the two nuclei shapes can be
described by circles obeying
(x∓ b/2)2 + y2 = R2A . (B2)
Assuming that the partons will fly on straight lines
through the medium, which is a good approximation of
high energy jets, their trajectory can be described in
terms of simple geometry by
(
x
y
)
= k
(
p0x
p0y
)
+
(
xP
yP
)
, (B3)
where p0x =
px
|p| and p
0
y =
py
|p| are the normalized trans-
verse momentum components and (xp, yp) the spatial cre-
ation point of the initial parton pair and k is a propor-
tionality factor.
With that information it is possible to calculate the
intersection points between the two nuclei and the parton
trajectory and thereby the exit points of the partons from
the collision zone. Defining
∆xL/R = xp ± b/2 , (B4)
one can show that the proportionality factor at which the
line and the circles intersect, is
kL/R = ±
√(
∆xL/R p0x + yp p
0
y
)2 −∆x2L/R − y2p +R2A
− (∆xL/R p0x + yp p0y) , (B5)
where kL/R are the respective factors for the intersec-
tion with the left (kL) and the right (kR) circle. Because
of the previous normalization of the parton momentum
vector, the absolute values |kL/R| of the proportionality
factors are the in-medium path lengths of the initial par-
ton pair. As a remark, obviously every circle can have
two intersection points: Depending on its corresponding
x-value one has to decide which intersection point is used
for determining the respective path length. Having done
that, one is able to define the shorter path length as Ls
and the longer path length as Ll.
Because of the employed Woods-Saxon density distri-
butions, there is a finite probability for events in which
the parton pair is created outside the collision zone. In
this case two scenarios are possible: One parton A will
fly through the medium and parton B will fly through no
medium at all. In this scenario, parton A has path length
Ll 6= 0 fm and parton B has path length Ls = 0 fm. This
will lead to a length imbalance of Li = 1. The other
possible scenario is that both partons will not pass the
collision zone and thus get path lengths Ll/s = 0 fm.
Obviously, this scenario leads to a length imbalance of
Li = 0.
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